Plant endosperm cells have a nuclear ratio of two maternal genomes to one paternal genome. This 2 to 1 dosage relationship provides a unique system for studying the additivity of gene expression levels in reciprocal hybrids. A combination of microarray profiling and allele-specific expression analysis was performed using RNA isolated from endosperm tissues of maize (Zea mays) inbred lines B73 and Mo17 and their reciprocal hybrids at two developmental stages, 13 and 19 d after pollination. The majority of genes exhibited additive expression in reciprocal hybrids based on microarray analyses. However, a substantial number of genes exhibited nonadditive expression patterns, including maternal like, paternal like, high parent like, low parent like, and expression patterns outside the range of the parental inbreds. The frequency of hybrid expression patterns outside of the parental range in maize endosperm tissue is much higher than that observed for vegetative tissues. For a set of 90 genes, allele-specific expression assays were employed to monitor allelic bias and regulatory variation. Eight of these genes exhibited evidence for maternally or paternally biased expression at multiple stages of endosperm development and are potential examples of differential imprinting. Our data indicate that parental effects on gene expression are much stronger in endosperm than in vegetative tissues.
Plant endosperm cells have a nuclear ratio of two maternal genomes to one paternal genome. This 2 to 1 dosage relationship provides a unique system for studying the additivity of gene expression levels in reciprocal hybrids. A combination of microarray profiling and allele-specific expression analysis was performed using RNA isolated from endosperm tissues of maize (Zea mays) inbred lines B73 and Mo17 and their reciprocal hybrids at two developmental stages, 13 and 19 d after pollination. The majority of genes exhibited additive expression in reciprocal hybrids based on microarray analyses. However, a substantial number of genes exhibited nonadditive expression patterns, including maternal like, paternal like, high parent like, low parent like, and expression patterns outside the range of the parental inbreds. The frequency of hybrid expression patterns outside of the parental range in maize endosperm tissue is much higher than that observed for vegetative tissues. For a set of 90 genes, allele-specific expression assays were employed to monitor allelic bias and regulatory variation. Eight of these genes exhibited evidence for maternally or paternally biased expression at multiple stages of endosperm development and are potential examples of differential imprinting. Our data indicate that parental effects on gene expression are much stronger in endosperm than in vegetative tissues.
Endosperm tissue, a terminally differentiated tissue that functions as the storage organ of the seed and provides a large proportion of the world's food supply, provides a unique system for studying the effect of gene dosage on expression levels in reciprocal hybrids. The endosperm is a triploid tissue produced from the double-fertilization event in plants and consists of two maternal genomes and one paternal genome (denoted 2m:1p) . This unbalanced dosage of the maternal and paternal genomes provides a controlled biological system for studying the effects of allelic dosage and parental effects on gene expression.
Studies of F 1 hybrid vegetative tissues from maize (Zea mays) have revealed high levels of additive (equal to the average of the two parents) expression with low levels of nonadditive (different from the average of the two parents) expression levels (Guo et al., 2006; Stupar and Springer, 2006; Swanson-Wagner et al., 2006; Springer and Stupar, 2007a) . However, several other studies have found higher levels of nonadditive expression (Auger et al., 2005; Uzarowska et al., 2007) . There is relatively little information on the prevalence of additive and nonadditive expression in the triploid endosperm tissue. Guo et al. (2003) examined additivity in endosperm gene expression using a cDNA differential display approach. The majority of genes exhibited additive expression in the hybrid maize endosperm, meaning that hybrid gene expression was approximately equal to the average level of the inbred parents when factoring for 2m:1p transcript contributions (Guo et al., 2003) . However, a portion of genes exhibited nonadditive expression patterns in the hybrids. Specifically, Guo et al. (2003) reported that approximately 8% of the genes that were differentially expressed between inbred parents displayed either maternal-like expression (MLE; pattern in which the reciprocal hybrids display expression levels similar to the maternal inbred level) or paternal-like expression (PLE; pattern in which the reciprocal hybrids display expression levels similar to the paternal inbred level) patterns in the hybrids.
A growing body of evidence suggests that the endosperm is subject to genetic mechanisms that differ from vegetative tissues. The most abundantly expressed mRNA gene families in the maize endosperm, the zein protein storage genes, exhibit variable expression patterns among gene family members and nonadditive expression patterns in F 1 hybrid endosperm tissue (Woo et al., 2001; Song and Messing, 2003) . Analysis of DNA methylation patterns in endosperm reveal programmed alterations to the maternal or paternal alleles (Lauria et al., 2004; Gutierrez-Marcos et al., 2006; Haun et al., 2007) . There is also extensive evidence that the maize endosperm is highly sensitive to parental genome imbalances. Disruptions of the 2m:1p genome ratio, as a consequence of interploidy crosses or crosses involving aneuploid parents, can severely affect endosperm phenotype (for review, see Gehring et al., 2004) . Perhaps the most distinctive transcriptional feature observed in the endosperm is that it is the only plant tissue in which gene-specific imprinting has been observed (for review, see Baroux et al., 2002; Gehring et al., 2004; Feil and Berger, 2007) . Imprinting occurs when the expression of a gene is influenced by the maternal or paternal transmission such that one allele is preferentially expressed. A small number of imprinted plant genes and alleles have been identified, exhibiting a wide range of putative functions (Feil and Berger, 2007) . Gene-specific imprinting can be broadly divided into two categories, binary imprinting and differential imprinting (Dilkes and Comai, 2004) . Binary imprinting is the more extreme case in which one allele is active and the homologous allele is completely silent based upon the parent of origin. The majority of imprinted genes characterized to date are putative examples of binary imprinting in which only the maternal allele is expressed. Differential imprinting refers to biased allelic expression dependent upon the parent of origin (Dilkes and Comai, 2004) . For example, a differentially imprinted gene may exhibit preferential expression of the maternal allele in all F 1 hybrids, but the paternal allele will still exhibit some degree of transcription. There is evidence for differential imprinting at the Nrp1 locus of maize (Guo et al., 2003) . However, the techniques used to characterize imprinted genes are often insufficient to detect or distinguish between binary and differential imprinting.
In this study, we investigated the gene expression of inbred and hybrid maize endosperm tissues at two developmental time points using the Affymetrix 18 K maize GeneChip microarray. We have found that endosperm tissues at both developmental stages exhibit a greater range of nonadditive expression in hybrids than was previously observed using the same experimental approaches in three vegetative tissues (Stupar and Springer, 2006) . Furthermore, hybrid endosperm expression patterns commonly exhibit parental effects that were not observed in vegetative tissues. We also investigated the relative allelic expression of genes in hybrid endosperm tissue at several developmental stages. Through the use of quantitative allele-specific expression assays, we could assess the contribution of cis-and trans-acting regulatory variation as well as the prevalence of parental effects and imprinting on gene expression.
RESULTS
Affymetrix 18 K maize GeneChips were used to profile gene expression in three biological replicates of maize endosperm tissues isolated at 13 and 19 d after pollination (DAP) from B73, Mo17, and the reciprocal F 1 crosses. The two developmental time points of 13 and 19 DAP were chosen based on the developmental program of the endosperm in maize (Kowles and Phillips, 1985; Schweizer et al., 1995) . Mitotic activity often peaks around 12 to 14 DAP, but thereafter diminishes and is essentially absent by 18 to 20 DAP. However, nuclear endoreduplication occurs between 14 to 20 DAP and the peak of DNA content per nucleus occurs sometime between 18 and 22 DAP.
The four different endosperm genotypes can be represented as follows: BBB, MMM, BBM, and MMB (the first two letters represent the maternal contribution and the final letter represents the paternal contribution). The presence or absence of a given transcript was determined using MAS 5.0 data processing, as described previously (Stupar and Springer, 2006) . Expression was consistently detected for 60% of genes in 13-DAP and 55% of genes in 19-DAP endosperm tissue (Supplemental Table S1 ), indicating that many of the genes represented on this array platform are transcribed in maize endosperm tissues. Comparisons of the microarray data from different tissue types or developmental stages can be useful to identify developmentally regulated transcripts. Analysis of the presence/absence for transcripts in these endosperm tissues as compared to three vegetative tissues (Stupar and Springer, 2006) allowed for the identification of a set of endosperm-specific transcripts (Supplemental Data; validations for a subset of endosperm-specific transcripts are shown in Supplemental Fig. S1 and Supplemental Table S2 ). We also identified numerous genes with evidence for differential expression in 13-DAP endosperm relative to 19-DAP endosperm (Supplemental Fig. S2 ; Supplemental Table S3 ).
Identification of Genes That Are Differentially Expressed in B73, Mo17, and Hybrid Endosperm
Correlation plots indicate high levels of differential expression between the genotypes in both 13-and 19-DAP endosperm tissues (Supplemental Fig. S3 ). We performed statistical tests (ANOVA across the BBB, MMM, BBM, and MMB genotypes; see ''Materials and Methods'' for details) to identify genes that are differentially expressed among genotypes in 13-or 19-DAP tissues (Table I) . Following the statistical tests, the lists of differentially expressed genes were further filtered by imposing minimal expression (genotype with highest expression must have a microarray signal .50) and fold change (must be .2-fold change between any highest and lowest genotypes) criteria. These filtering criteria were employed to limit our set of differentially expressed genes to those with robust evidence for differential expression and to allow for classification of hybrid expression patterns as additive or nonadditive. Whereas it is likely that some examples of differential expression with less than 2-fold change are biologically significant, it is quite difficult to classify the specific mode of additive or nonadditive expression of such patterns using the tests described below.
A list of 1,725 genes meeting the statistical and filtering criteria were identified in 13-DAP endosperm (Supplemental Table S4 ) and 1,557 such genes were identified at 19-DAP endosperm (Supplemental Table  S5 ). These 13-and 19-DAP endosperm gene lists were compared to determine their overlap (Table I) . Approximately 60% of these genes (939) were identified in both 13-and 19-DAP endosperm tissue, indicating that many genes exhibit differential expression among genotypes at multiple stages of endosperm development. The vast majority of genes that were identified as differentially expressed in comparisons of these four genotypes were differentially expressed in B73 relative to Mo17 in both 13-DAP (97.4%) and 19-DAP (98.2%) endosperm (Table I ). This indicates that there are relatively few examples of genes with similar expression in the inbred parents and novel expression states in one or both of the hybrids.
Cross-Platform Validation of Microarray Data and Tests for Sequence Polymorphism Effects
The use of microarrays to compare gene expression levels in different genotypes can be complicated by sequence polymorphisms in the regions detected by array features (Borevitz et al., 2003; Kirst et al., 2006) . Whereas it is true that a subset of the features on the Affymetrix microarray will exhibit polymorphisms in the B73 and Mo17 targets, it is unclear to what extent this will affect the probe-level comparisons in this study. We have employed an analysis of the individual probe signals for genes that were identified as differentially expressed to assess the prevalence of polymorphisms that affected a small number of probes for a gene and resulted in a false call of differential expression. For each differentially expressed gene, we compared the signal of the perfect match in B73 relative to Mo17 using a t test (P , 0.05). The majority of genes exhibit at least 8/15 probes with a significant difference between the two genotypes (Supplemental Fig. S4A ). This finding suggests that sequence polymorphisms were not a major contributor to false positives for differential expression because it is unlikely that sequence polymorphisms will occur in the majority of the probe features for a gene. We also performed this analysis to compare the perfect matchmismatch values for each probe and found similar results.
An allele-specific detection platform (Jurinke et al., 2005) was also used to validate the microarray data. Total RNA isolated from three biological replicates of B73 and Mo17 endosperms were mixed in equal concentrations to provide three different biological replicates of a 1:1 mix of the inbred RNA. Allelespecific expression analysis was used to detect the proportion of the B73 allele in the 1:1 mixes. This value was then compared to the proportion of the B73 allele that should be present based on the microarray data [B73 signal/(B73 signal 1 Mo17 signal)]. The allelespecific expression data and microarray data were compared for a set of 81 genes, 15 of which exhibited differential expression with at least 2-fold change based on the microarray data. This gene set included nine genes that were differentially expressed among the inbreds in either the 13-or 19-DAP tissues and six genes that were differentially expressed in both developmental stages, resulting in a total of 21 genes by tissue combinations. A scatter plot of the allele-specific expression data versus the microarray data provides evidence for strong correlation between the two platforms (Supplemental Fig. S4B ). The allelic proportions for all 21 assays supported the microarray determination of differential expression. There were another 24 genes for which allele-specific expression data were available that were differentially expressed in the microarray analysis at levels below 2-fold change. The differential expression was validated for 20 of these 24 genes using allele-specific expression data.
We proceeded to compare allele-specific expression data and microarray data for all 81 genes analyzed by both methods. The allele-specific expression data and the microarray data exhibited strong correlation between the two platforms (Supplemental Fig. S4C ). However, a few genes displayed significant differences in the microarray data relative to allele-specific detection assays. In some cases, such as AI600480 and BM381185, the microarray data show much more severe differences in B73 relative to Mo17 than is detected by allele-specific assays. This may be the result of polymorphisms that affect the hybridization of one of the alleles to the array. In other instances, such as CA403984 and CF009268, analysis of both 13-and 19-DAP tissues finds evidence for strong allelic bias with relatively little differential signal between B73 and Mo17 on the microarrays. The general finding from these cross-platform comparisons was that both platforms found similar relative expression levels in B73 and Mo17 for the majority of genes with a few instances in which the two platforms do not agree.
Observations of Specific Nonadditive Expression Patterns in Hybrid Endosperm
Due to the 2m:1p genome dosage in the endosperm, we expected that the majority of genes would exhibit additive expression patterns in hybrid endosperm such that the hybrids are more similar to the maternal parent than to the paternal parent. Clustering analysis of the gene expression levels for all differentially expressed genes provided evidence that many genes exhibit this type of additive expression pattern reciprocal hybrid (Fig. 1) . However, this clustering analysis reveals evidence for some groups of genes with specific types of nonadditive expression. For example, the gene expression profiles indicated by brackets in Figure 1A (and magnified in Fig. 1B ) exhibited hybrid expression levels more similar to the paternal parent than the maternal parent. Statistical analyses of inbred and hybrid expression levels were used to identify the proportion of additive and nonadditive expression profiles. Each gene was tested by comparing the hybrid expression value against the expected additive expression value based on the parental expression, while factoring for the 2m:1p dosage (see ''Materials and Methods''). Most genes (58.8%) in the 13-DAP endosperm tissues did not exhibit nonadditive patterns in either reciprocal hybrid; however, many genes (30.8%) exhibited nonadditive expression in one reciprocal hybrid and fewer (10.3%) exhibited nonadditive expression in both reciprocal hybrids. Similar proportions were identified in the 19-DAP endosperm tissues (61.1% were nonadditive in neither, 29.7% were nonadditive in one, and 9.1% were nonadditive in both reciprocal hybrids).
We defined 14 specific types of nonadditive expression that could occur in endosperm tissue (see ''Materials and Methods'' for definitions and descriptions of each class; sample visualizations are provided in Supplemental Fig. S5 ). A set of fold-change and statistical significance criteria (as described in Supplemental Table S6 ) were applied to all 13-and 19-DAP differentially expressed genes to identify genes with strong evidence for any of the 14 different classes of nonadditive expression ( Table II ). Note that many of the genes that exhibit nonadditive expression (based on a per-gene test for additivity) do not classify into these 14 specific types of nonadditive expression.
We identified a total of 306 genes (out of 2,343 differentially expressed genes tested) belonging to one of the 14 specific types of nonadditive expression in at least one endosperm developmental stage (Supplemental Table S7 ). Despite the use of relatively stringent filters, the MLE patterns were the most prevalent type of nonadditive expression observed (Table II) . Expression patterns with one hybrid outside the range of the parents, either above the high parent (AHP) or below the low parent (BLP), were also relatively common. PLE and hybrid expression outside the range of the parents in opposite directions (AHP and BLP) were rarely detected. We did not find any examples with consistent AHP or BLP expression patterns in both hybrids (Table II) . To further assess and confirm whether the same patterns of nonadditive expression Figure 1 . Gene expression and sources of variation among endosperm genotypes. A, Hierarchical clustering of the genes that are differentially expressed among genotypes in 13-and 19-DAP endosperm. Green indicates low relative expression, whereas red indicates high relative expression and black indicates no difference relative to the profile average. A subset of exceptional genes with hybrid expression profiles similar to the male parent are indicated by brackets. B, The bottom bracketed region from the 19-DAP clustering is enlarged to show that the hybrid expression level is more similar to the male parent than to the female parent.
were consistently observed for a gene at both 13 and 19 DAP, we visually inspected the relative transcript levels for the four genotypes at both 13 and 19 DAP to determine whether the same type of nonadditive expression patterns were consistently observed for a gene at both developmental stages (Supplemental Figs. S5-S12). We observed consistent evidence for a similar pattern of nonadditive expression at both stages of development for many of these genes.
Previous studies have identified unique expression phenomena in endosperm tissues (see introduction). We utilized previously published microarray data on 11-d seedling and immature ear tissues (Stupar and Springer, 2006) to compare the inbred-hybrid gene expression profiles of endosperm versus these vegetative tissues. We used the d/a ratio as a means to compare the global expression patterns of hybrid endosperm and vegetative tissues. The d/a ratio is a measure that is frequently used to compare the expression value of the hybrid relative to the parents. As applied to gene expression studies, the d/a value often represents the hybrid expression value relative to parent 1 and parent 2. In this study, we have slightly modified the calculation such that the d/a value represents the hybrid expression value relative to the high parent (HP) and low parent (LP) for each gene. The d value is the difference between the hybrid and the midparent expression levels, whereas the a value is the difference between the HP and the midparent expression levels. Genes with d/a values equal to 1.0 or 21.0 exhibit hybrid expression levels equal to the HP or LP, respectively. Values above 1.0 or below 21.0 indicate genes with hybrid expression levels outside the range of the parents. In vegetative tissues, additive expression will result in a d/a value of 0. However, due to the dosage imbalance in endosperm tissue, additive expression would result in a maternal hybrid (relative to the higher expressing parent) d/a value of 0.33 and a paternal hybrid (relative to the higher expressing parent) d/a value of 20.33. Figure 2 , A and B, shows the distribution of d/a values for genes exhibiting differential expression in endosperm and vegetative tissues (11-d seedling and immature ear), respectively. As expected, the maternal and paternal hybrid endosperm values centered on 0.33 and 20.33, respectively. The maternal and paternal hybrids in vegetative tissues exhibit a distribution centered on 0. The endosperm tissues exhibit a larger spread around the peak and display more values that are outside the parental range (above 1.0 or below 21.0). In Figure 2C , we have compared the d/a values for the reciprocal hybrids in endosperm and vegetative tissues; the d/a values for the maternal hybrid (relative to the higher expressing parent) are on the y axis and the d/a values for the paternal hybrid are on the x axis. Genes that plot within the black square represent genes that exhibit hybrid expression values within the range of the parents. Deviation toward the top left (MLE) and bottom right (PLE) indicates parental effects on hybrid expression levels. Deviation toward the top right (HP) and bottom left (LP) indicates hybrid expression patterns that are consistently toward the high or low expressing parent. Whereas the majority of data points are near the expected additive values for both tissue types, there are numerous points that exhibit deviation from this center. Interestingly, there is much greater evidence for parental effects in endosperm than in vegetative tissues (the distribution of nonadditive endosperm genes tend to plot from PLE to MLE, whereas the distribution of nonadditive vegetative genes tend to plot from HP to LP). To further compare nonadditive expression patterns in endosperm and vegetative tissues, we determined the number of genes in the 14 specific nonadditive expression classes (described above) in seedling and immature ear tissues. The total percentage of genes with nonadditive expression in both hybrids was similar in endosperm and vegetative tissues (Table III) . However, as was observed in the d/a plot ( Fig. 2B ), vegetative tissues display a markedly different distribution of nonadditive expression patterns with essentially no examples of nonadditive expression influenced by the parent of origin (Table III) . Many of the nonadditive expression patterns in hybrid vegetative tissues are examples of HP or LP (Table III) .
Allelic Variation Affecting Expression Levels of the B73 and Mo17 Alleles
We were interested in further studying the maternal and paternal contributions to gene expression in developing endosperm tissue. Whereas the microarray hybridizations were quite useful for assessing the steady-state transcript levels, they did not provide information on the relative expression of the maternal and paternal alleles. Allele-specific expression assays can be used to determine the ratio of maternal and paternal transcripts. A set of 90 quantitative allelespecific expression assays were derived from 72 randomly selected endosperm-expressed genes, 15 genes with differential expression in B73 relative to Mo17 (according to statistical analysis of the Affymetrix data), and three genes with observed nonadditive expression in the microarray data, including two MLE and one PLE gene (see ''Materials and Methods'' for further details on assay development). Many (81/90) of these allele-specific expression assays represented genes that are also on the Affymetrix maize GeneChip; data from these genes were initially used to assess the prevalence of differential expression of the B73 and Mo17 genes in 13-and 19-DAP endosperm of inbred plants (see section above on cross-platform validation of microarray data and tests for sequence polymorphism effects).
For differentially expressed genes, it is possible to evaluate the relative contribution of cis-and transacting regulatory variation by comparing the allelespecific expression ratios in F 1 hybrids relative to mixes of the parental RNA (Wittkopp et al., 2004; Stupar and Springer, 2006) . In hybrid diploid tissues, cis-acting regulatory variation will result in equally biased expression of the two alleles in a mix of the parental RNA and in the F 1 tissue. However, transacting variation will result in biased expression of the two alleles in a mix of the parental RNA, but unbiased expression of the two alleles in the F 1 because both alleles have access to the same set of trans-acting factors in the F 1 . The 2m:1p dosage imbalance in endosperm tissue slightly changes the expected results for a cis-/trans-test by allele-specific expression. If a gene is equally expressed in the inbred endosperm of B73 and Mo17, then 1:2 and 2:1 mixes of parental RNA will result in a B73 allelic proportion of 0.33 and 0.66, respectively; deviation from these values indicates that the gene is differentially expressed in the two inbred lines. The cis-and trans-acting variation of differentially expressed genes can subsequently be assessed by comparing the allele-specific expression of the parental mixes versus the hybrids. If the differential expression is caused by trans-acting regulatory variation, then the proportion of the B73 allele in the Mo17 3 B73 F 1 endosperm tissue will be 0.33 and the proportion of the B73 allele in the B73 3 Mo17 F 1 will be 0.66. These values will occur because the alleles will all be expressed at the same level because they have access to an identical set of trans-acting factors. However, if differential expression is the result of cis-acting regulatory variation, then the F 1 endosperm tissue will exhibit allelic biases similar to those observed in the parental mix samples and will be different from 0.33 (for Mo17 3 B73) or 0.66 (for B73 3 Mo17).
We assessed regulatory variation for a set of 46 genes that exhibit evidence for differential expression in both microarray and allele-specific expression analyses (including 21 genes with .2-fold change). This included 19 genes with differential expression in both 13-and 19-DAP tissue, 11 genes with differential expression only in 13-DAP tissue, and 16 genes with differential expression only in 19-DAP tissue. A series of statistical tests (as described in Stupar and Springer, 2006; Springer and Stupar, 2007b) were employed to determine the type of regulatory variation causing the differential expression for each gene. For this analysis, we performed separate tests on the BBM and MMB hybrids. Graphic analysis of the endosperm data shows the distribution of regulatory variation observed for these genes (Fig. 3) . The symbol shape on this graph indicates the type of regulatory variation as determined by statistical analyses. For 16 genes, there was evidence that cis-acting regulatory variation caused the differential expression and for another five genes the differential expression was due to transacting variation. The remaining 25 genes exhibited evidence for both cis-and trans-acting variation contributing to differential expression. Similar to the findings of West et al. (2007) , we noted that genes with higher levels of differential expression are frequently the result of cis-acting regulatory variation.
We investigated developmental effects on allelic expression ratios by comparing the transcribed allelic ratios in 13-and 19-DAP hybrid endosperm. Previous studies have demonstrated variation in allelic bias in different tissues or environmental conditions Adams and Wendel, 2005; Adams, 2007; Springer and Stupar, 2007b) . We compared the proportion of the B73 allele transcribed in hybrid RNA isolated from 13-and 19-DAP endosperm (Fig. 4A) . Whereas most genes display equivalent allelic proportions at 13 and 19 DAP, there was evidence for a subset of genes with differential allelic proportions at these two developmental stages. A t test (P , 0.05) was used to compare the relative proportion of transcript derived from the B73 allele at 13 DAP relative to 19 DAP. For 15 genes, we found evidence for a significant difference in the allelic proportion between 13 and 19 DAP for both B73 3 Mo17 and Mo17 3 B73 F 1 hybrids (another 10 genes exhibited a significant difference in one of the two reciprocal hybrids). These 15 genes include seven genes with a decrease in the expression of the B73 allele from 13-to 19-DAP endosperm (two examples are shown in Fig. 4B ). The other eight genes displayed evidence for an increase in the relative proportion of the B73 allele from 13-to 19-DAP endosperm (two examples in Fig. 4C ).
Differential Imprinting in Hybrid Endosperms
The availability of allele-specific expression data from reciprocal hybrid endosperm tissue allowed us to address the prevalence of parental effects on the relative expression of the two alleles, or imprinting. As a control to determine the noise in a comparison of reciprocal hybrids using this technique, we first compared the B73:Mo17 allelic proportions in a 2:1 mix relative to a 1:2 mix of B73 to Mo17 RNA (Fig. 5A ). This comparison between 2:1 and 1:2 mixes of inbred RNA simulates a situation in which hybrid endosperms will exhibit biallelic, nonimprinted expression of the two alleles. For any given gene, the proportions of the B73 allele present in the 2:1 and 1:2 inbred mixes are necessarily dependent upon one another and will theoretically plot along the curve displayed in Figure  5A (labeled as the biallelic curve). The control comparison plotted in Figure 5A represents an estimate of the degree of variance from the biallelic curve that can be attributed to the experimental approach. Whereas we observed some instances of assays deviating from the curve (toward the underside, in particular), the majority of the experimental data exhibit a trend similar to the expected biallelic curve.
Allele-specific expression analysis was performed on the reciprocal hybrid RNA and a similar graph was produced (Fig. 5B) . In this graph, genes that plot along the curve displayed biallelic patterns, genes that plot above the curve toward the top left displayed biased expression of the maternal alleles in both hybrids, and genes that plot below the curve toward the bottom right displayed biased expression of the paternal alleles in both hybrids. Our data indicate that 82 of the 90 genes displayed biallelic expression patterns along or near the curve at both 13-and 19-DAP time points. However, eight of the 90 genes consistently displayed either maternally or paternally biased allelic expression in both the 13-and 19-DAP endosperms (Fig. 5B) . Interestingly, only one of these eight genes, BM347950, was a gene that was selected based on displaying nonadditive expression. The other two nonadditive genes for which we performed allele-specific expression assays each displayed allelic expression patterns bias along the biallelic curve.
Two genes, AY111942 and CF628018, displayed maternally biased expression in reciprocal hybrids at both 13 and 19 DAP. In both cases, there was also evidence for low levels of expression from the paternal allele, suggesting that these are cases of differential imprinting. We proceeded to confirm the maternally biased expression for both of these genes using cleaved amplified polymorphic sequence (CAPS) assays on the same RNA samples used for the single-nucleotide polymorphismbased analyses (Fig. 6 ). For each of the 12 samples, the maternal allele is highly enriched, but there are low levels of paternal allele present. We proceeded to determine whether this differential imprinting could be consistently observed throughout endosperm development. RNA samples isolated from a series of endosperm tissue samples collected between 10 and 24 DAP were analyzed using the CAPS assays (Fig. 6) . The gene CF628019, a putative polygalacturonase-inhibiting protein, exhibits evidence for differential imprinting in most of the samples analyzed. However, there is evidence for an increase in the expression of the paternal allele in some of the samples from later developmental time points (22 DAP in BBM; 16, 18, and 22 DAP in MMB) . Similar results are obtained for the putative sugar transporter gene AY111942; differential imprinting Figure 3 . cis-and trans-acting regulatory variation affecting gene expression levels in endosperm. A comparison of the proportion of the transcript derived from the B73 allele in the F 1 RNA (y axis) and in a mix of RNA from the parents (x axis) reveals the type of regulatory variation. Different colors are used to signify whether a data point is derived from the BBM hybrid (black) or the MMB hybrid (gray). Symbol shape indicates the type of regulatory mode ascribed to each gene using a series of statistical tests (as described in Stupar and Springer, 2006) . The diagonal line indicates the expected positions for cis-acting regulatory variation, whereas horizontal lines indicate the expected positions for trans-acting variation. a This is the number of genes that are differentially expressed and pass the minimal signal and fold-change filtering requirements (as described in ''Results''). b The number of differentially expressed genes that exhibit nonadditive expression was calculated based on a per-gene test for additive expression. The number in parentheses indicates the percentage of differentially expressed genes that exhibit nonadditive expression in both the BBM and MMB hybrids. The number reported here are the number of genes in which both hybrids exhibit nonadditive expression, but only one of the hybrids exhibits AHP or BLP expression. Note that this is smaller than the sum of values in Table II because some values in Table II represent genes that exhibit nonadditive expression in only one of the two hybrids.
(low levels of paternal allele observed) in some samples and potentially biallelic expression in other samples. There was not a strict developmental relationship that was observed such that imprinting was becoming more or less pronounced in later time points for this gene. Instead, there is evidence for variable parent-oforigin effects on the expression level of the maternal and paternal alleles of this gene.
Six genes exhibited consistent evidence for biased expression of the paternal allele in reciprocal hybrid endosperm tissue at 13 and 19 DAP. For each of these genes, we were able to detect expression of both the maternal and paternal alleles. However, instead of being expressed in a manner consistent with the 2:1 allelic dosage, we observed similar allelic ratios between the reciprocal hybrids. Allele-specific assays performed on endosperm DNA controls confirm that the 2:1 allelic dosage is maintained in genomic DNA. These genes are potential examples of differential imprinting favoring the paternal allele or may be genes that are subject to dosage compensation. These genes include a putative zinc-dependent protease, a putative casein kinase, a putative lipoxygenase, a ubiquitin-associated domain protein, and two hypothetical proteins.
DISCUSSION
The endosperm tissue plays an important role in seed development in angiosperms and is a critical part of the world's food supply. Despite this importance, we still have a limited understanding of the basic processes that affect gene expression patterns in the endosperm. The endosperm expression profiles in this study were compared with previous profiling experiments using maize vegetative tissues (Stupar and Springer, 2006) . This comparison provided evidence for transcripts that are specific to the endosperm. This finding is consistent with previous cDNA and ESTbased studies that reported a large subset of endosperm-specific and endosperm-preferred transcripts in maize (Woo et al., 2001; Lai et al., 2004; Verza et al., 2005) . We also noted many differences in gene expression between 13-and 19-DAP endosperm tissue and a substantial level of variation for gene expression between two maize inbred lines, B73 and Mo17. Our findings have allowed us to address important topics, including the prevalence of specific classes of nonadditive expression and the prevalence of differential imprinting in endosperm tissue.
Potential Mechanisms for Nonadditive Expression Patterns
Most of the differentially expressed genes in our study exhibited additive levels of gene expression in hybrid endosperm tissues. However, approximately 10% of the differentially expressed genes exhibit nonadditive expression in both reciprocal hybrids (Table   III) . Some of these genes with nonadditive expression could be classified into nonadditive expression patterns that can be divided into four main categories: MLE, PLE, dominant patterns (HP and/or LP), and hybrid outside the range of the parents (AHP and/or BLP). For each category, we will provide a short description and discuss potential mechanisms that could be involved.
MLE patterns, defined here as reciprocal hybrid expression levels that are each statistically indistinguishable from the maternal parent, were the most common type of nonadditive expression in endosperm tissue. There are several potential mechanisms that might account for MLE patterns. Binary or differential imprinting of a gene that is differentially expressed in B73 relative to Mo17 may produce a MLE pattern (Dilkes and Comai, 2004) . However, allele-specific expression analyses for two of the MLE genes in our study did not find any evidence for maternal imprinting; thus, other mechanisms must also be generating the MLE patterns. For example, maternal influences on endosperm development may also result in MLE patterns. It is known that many seed phenotype characteristics are heavily influenced by the maternal parent with very little contribution of the paternal parent.
PLE patterns, classified here as reciprocal hybrid expression levels that are more similar to the paternal parent than to the maternal parent, were much more rare than MLE patterns, occurring in only 12 genes (,0.5%) of the differentially expressed gene subset. PLE patterns may be the result of paternal imprinting or may result from complex interactions between the two parental genomes. Allele-specific expression for one of the PLE genes identified in this study, BM347950, indicated an expression bias for the paternal allele in hybrid maize endosperm, suggesting differential imprinting for this gene.
It is worthwhile to note the limitations in using microarray expression profiling for the discovery of imprinted expression. MLE and PLE patterns do not necessarily imply imprinting and many genes with imprinted expression will not be classified as MLE or PLE. Microarray expression profiling can only classify MLE or PLE patterns when the gene is differentially expressed in the two parental genotypes. Therefore, examples of imprinting in which the gene is expressed at similar levels in the two parents will not be classified as MLE. Indeed, the two genes in our study with differential maternal imprinting displayed roughly equivalent microarray expression levels in both parental inbreds and therefore could not be assessed for MLE or PLE patterns. Current hypotheses suggest that imprinting may function as a mechanism for controlling the expression level for the imprinted genes (Dilkes and Comai, 2004; Wood and Oakey, 2006) . Therefore, imprinted genes may be less likely to exhibit total expression level differences between maize inbred lines in a microarray expression-profiling experiment. Dominant HP and LP expression patterns were observed for a set of 44 genes in 13-and/or 19-DAP endosperm. Genes were classified as dominant HP or LP expression patterns if both reciprocal hybrids display expression levels that were not statistically different from the HP or LP level, respectively. These genes are putative examples in which the expression level might be controlled by a dominant trans-acting regulator. Cases in which both hybrids are expressed at the level of the HP may be examples of variation in which one of the two inbreds possesses a dominant trans-acting activator. Conversely, expression of both hybrids at the level of the LP may stem from variation in which one of the two inbreds possesses a dominant trans-acting repressor.
Some genes exhibited hybrid endosperm expression levels that were outside the parental range, either AHP or BLP. In some studies, these genes have been referred to as overdominant or underdominant expression patterns. We have avoided the use of these terms because they are often used to refer to the genetic action of a locus; thus, the application of these terms to both expression patterns and gene action may be nonsynonymous (Springer and Stupar, 2007a) . In a previous study, we had found very few examples of this type of expression pattern in 11-d seedlings, immature ears, or 19-DAP embryo tissues. Therefore, we were surprised to note a substantial number of genes (78 genes in 13 DAP and 59 genes in 19 DAP) that display hybrid expression patterns that were significantly outside the range of the parents. However, it is worth noting that there are no examples in which both reciprocal hybrids exhibit expression levels significantly AHP or BHP. Instead, the examples of hybrid endosperm expression outside the range of the two parents include cases in which only one hybrid is outside the range of the parents or in which one hybrid is above the higher parent and the other hybrid is below the lower parent. This finding can be seen in Figure 2B . Genes for which both hybrids display AHP or BLP expression would plot in the top right and bottom left quadrants. However, there are essentially no genes in these areas (one endosperm gene does plot AHP for both hybrids, but it was not statistically significant for AHP in both hybrids). Instead, the genes with hybrid endosperm expression outside the range of the parents tend to cluster in the top left and bottom right quadrants. Dilkes and Comai (2004) proposed classifying examples of imprinting as binary or differential. In F 1 hybrids, binary imprinted alleles exhibit monoallelic expression of the maternal or paternal allele, whereas differentially imprinted alleles exhibit maternally or paternally biased biallelic expression. Most previous examples of imprinting have described binary imprinting. However, Guo et al. (2003) reported on the differential imprinting of the nrp1 gene in maize endosperm. The nrp1 gene displayed strong maternal expression bias in the reciprocal hybrids of B73 with Mo17 and the reciprocal hybrids made between inbred lines N1 and S1. However, some paternal allelic expression was observed at relatively low levels throughout development (Guo et al., 2003) . The Mo17 3 B73 cross showed a stronger maternal expression bias than the B73 3 Mo17 cross (Guo et al., 2003) .
Differential Imprinting in Maize Endosperms
It is likely that there are relatively few characterized examples of differential imprinting because such discoveries require reliable quantitative allele-specific expression analyses. The use of mass spectrometrybased allele-specific analysis provides a highly quantitative assay for studying the relative expression of two alleles in the same individual. Using this technique, we studied the relative expression of 90 genes for which quantitative assays were available. Interestingly, we found evidence to suggest differential imprinting for eight of these genes. Six cases reflect examples of paternal bias and two cases are examples of maternal bias. Further characterization of the two maternally biased genes provided additional evidence for differential imprinting. However, there is also evidence for some variability in the strength of the parent-of-origin effects for both of these genes. We did not perform further characterization on the examples of putative paternal differential imprinting. Each of these six cases resulted in a change from the expected 2m:1p ratio to an observed approximately 1m:1p ratio (Fig. 5) . CAPS markers are not sufficiently quantitative to accurately discriminate between allelic proportions of 0.66 and 0.50. However, for each of these six genes, we observed a consistent paternal bias in both 13 and 19 DAP in all biological replicates studied.
Our data indicate that differential imprinting may be more common than binary imprinting in maize endosperm, raising new questions about the molecular mechanisms that may generate high rates of differential imprinting. There is evidence that imprinting in maize may be caused by allele-specific modifications within relatively small regions (Gutierrez-Marcos et al., 2006; Haun et al., 2007) . However, for many genes, there is evidence for the existence of multiple enhancers of expression and, in some cases, these enhancers may be many kilobases upstream or downstream of the transcription start site. Therefore, the multiple enhancers for a given gene may be subject to different types of regulation. For example, one enhancer may be subject to imprinting, whereas the other enhancers may not be subject to imprinting. In this case, allelic expression levels would be influenced by the parent of origin, but the down-regulated allele would exhibit some level of expression because the nonimprinted enhancer remains functional in both alleles. This would result in differential imprinting. Because quantitative allele-specific expression studies are applied in a high-throughput manner to further define parent-of-origin effects in endosperm tissue, we would predict the identification of a substantial number of genes exhibiting differential imprinting.
Differences in Hybrid Expression Patterns of Endosperm and Vegetative Tissues
Several studies have documented prevalent additive expression in maize hybrids (Guo et al., 2006; Figure 5 . Allele-specific expression to identify transcriptional parentof-origin effects in hybrid endosperm. A, A control plot was performed by comparing the allele-specific detection of 90 genes in a 1:2 mix versus a 2:1 mix of B73 to Mo17 endosperm RNA. Values are plotted as the proportion of the B73 allele detected in each RNA mix. All genes should plot along the biallelic curve. Values plotting in the top right corner indicate higher expression of the B73 allele, whereas values toward the bottom left corner indicate higher expression of the Mo17 allele. Spots that deviate from the curve indicate the degree of error associated with the experimental procedure. B, Comparison of the allelic expression of reciprocal hybrid endosperm. The majority of the 90 genes analyzed exhibited B73 allelic proportions that plot around the biallelic curve, with deviation similar to the control inbred mixes in A. However, eight genes exhibited B73 allelic proportions that deviate from the curve in both 13-and 19-DAP RNA, suggesting parent-oforigin effects. Accession numbers are shown for these eight genes. The allelic proportions expected for complete maternal and paternal imprinting are also indicated on the plot. Stupar and Springer, 2006; Swanson-Wagner et al., 2006) . However, several other groups have reported higher frequencies of nonadditive expression, including frequent observations of hybrid expression outside of the parental range (Auger et al., 2005; Meyer et al., 2007; Uzarowska et al., 2007) . The differences observed in these studies may be attributed to differences in expression platforms, statistical methods, or tissues sampled. In this study, we have used common expression platforms and methods to assess additive and nonadditive expression in several vegetative and endosperm tissues. Whereas similar frequencies of nonadditive expression are observed in endosperm and vegetative tissues, there are striking differences in the type of nonadditive expression that is observed. Hybrid expression outside the parental range was relatively common in endosperm tissues, but was very rarely observed in vegetative tissues. Gene expression in hybrid endosperms rarely exhibited HP and LP patterns, but relatively frequently displayed novel expression patterns with parental effects between reciprocal hybrids. In contrast, HP and LP expression patterns were the most common form of nonadditive expression observed in hybrid vegetative tissues, and expression patterns with parental effects (MLE and PLE) were not observed.
The dosage imbalance between the maternal and paternal genomes may contribute to the novel types of expression observed in endosperm tissue. The types of nonadditive expression observed in endosperm suggest that dosage compensation mechanisms in endosperm tissues differ from those in vegetative tissues. Studies of dosage dependence and gene expression in aneuploids have noted differences in the response of endosperm and embryo tissues (Guo and Birchler, 1994; Birchler and Veitia, 2007) . Analysis of dosage dependence in vegetative tissues of triploid maize provided evidence for dosage-dependent expression (Auger et al., 2005) . It is possible that specialized mechanisms have evolved to compensate for the triploid nature of endosperm tissue. A recent study by Baroux et al. (2007) found that endosperm nuclei exhibit chromatin organization that is distinct from those observed in vegetative tissues. This endosperm-specific chromatin organization may lead to higher frequencies of nonadditive expression.
In this study, we have found that additive patterns are the most common form of gene expression in hybrid endosperm; however, these additive patterns inherently generate expression differences between the reciprocal hybrids due to the unequal distribution of parental alleles in the triploid tissues. We have also observed numerous genes with novel hybrid expression patterns, with a far greater frequency of hybrid gene expression outside the parental range than had been previously observed in vegetative tissues. These observations highlight the exceptional diversity of gene expression in maize endosperm. Previous studies have documented unique genetic and epigenetic alterations that occur in the endosperm, including imprinting and altered DNA methylation patterns (Baroux et al., 2002 (Baroux et al., , 2007 Gehring et al., 2004; Lauria et al., 2004; Gutierrez-Marcos et al., 2006; Haun et al., 2007; Zhang et al., 2007) . The unique transcriptional and epigenetic processes of the endosperm raise intriguing questions about whether these novel expression patterns are simply a consequence of relaxed selection constraints on a terminal tissue or whether these unique expression patterns provide functional and/or advantageous qualities. Figure 6 . Validation of differential imprinting of CF628018 and AY111942. CAPS assays were used to validate the differential imprinting in the same RNA samples used for the allele-specific expression assays shown in Figure 5 . The top two images display the results obtained for gene CF628018, whereas the bottom two images display results obtained for gene AY111942. On the left, amplicons were produced from the three biological replicates of 13-and 19-DAP endosperm from either BBM or MMB and were subsequently digested with an appropriate restriction enzyme (Bme1580I for CF628018 and PleI for AY111942) to distinguish the two alleles. The enrichment for the maternal allele in each sample and the presence of low levels of the paternal allele supports the differential maternal imprinting observed by allele-specific expression assays. The two images on the right display the results obtained using the same CAPS assays to assess the differential imprinting of these two genes in a series of developmental stages of endosperm tissue. RNA from endosperm tissue at various developmental stages was isolated from B73 3 Mo17 and Mo17 3 B73 reciprocal hybrids. The number of DAP for each endosperm tissue sample is indicated above each lane of the gel. The location of the B73 and the Mo17 allelic bands is indicated on the left-hand side of the gel image.
18 K oligonucleotide microarrays designed for detection of maize (Zea mays) genes were purchased from Affymetrix. This microarray was designed using EST contig sequences. There are 15 probes for each represented gene on the microarray and, in most cases, these probes are contiguous adjacent sequences of a transcript. The EST sequences are derived from multiple inbred lines and contain sequence polymorphisms. All polymorphic positions were masked such that, when possible, the probe sets will be robust for multiple genotypes. The maize Affymetrix array contains 17,622 probe sets that are designed to detect the expression of 13,495 genes. Some genes are represented by multiple probes sets designed to detect sense and antisense expression or the expression of alternative transcripts.
Plant Growth and Tissue Collection
Endosperm tissues were isolated from kernels of inbreds MMM and BBB and hybrids MMB and BBM for gene expression analysis. Samples were collected during August 2005 from field-grown maize plants grown on the St. Paul campus Agricultural Experiment Station. Inbred and hybrid crosses were performed at three different dates to produce biological replicates. The crosses for all genotypes within a biological replicate were performed within 30 min of each other. Six ears of each genotype were harvested at 13 and 19 DAP per biological replicate. Six endosperms were collected from each of the six ears and pooled for a total of 36 endosperms from each genotype by biological replicate combination. All tissues were flash frozen in a dry-ice-cooled ethanol bath and subsequently stored at 280°C.
Information on the plant growth and tissue collection of 11-d seedling and immature ear tissues is described in Stupar and Springer (2006) .
RNA Isolation
RNA for 13-DAP endosperm tissues was isolated using the plant RNeasy kit, according to the manufacturer's instructions (Qiagen). Initial isolation of 19-DAP endosperm RNA involved a combination of phenol-chloroform extraction and the TRIzol procedure, and essentially followed published methods (Leiva-Neto et al., 2004) . Briefly, powders for 19-DAP endosperm were homogenized in extraction buffer (50 mM Tris, pH 8.0, 150 mM LiCl, 5 mM EDTA, pH 8.0, 1% SDS), extracted twice with an equal volume of 1:1 phenol chloroform, extracted with an equal volume of chloroform, and then extracted with TRIzol according to the manufacturer's instructions (Invitrogen). The 19-DAP endosperm RNA was further purified using the RNeasy protocol (Qiagen). All purified RNA samples were quantified and qualified using the Nanodrop spectrophotometer (Nanodrop Technologies) and agarose gel electrophoresis.
The methods used to isolate RNA from 11-d seedling and immature ear tissues are described in Stupar and Springer (2006) .
Microarray Hybridizations and Statistical Analysis
Microarray hybridizations were performed to assess the steady-state level of transcripts in endosperm tissue derived from two maize inbred lines and their reciprocal hybrids. Hybridizations for three biological replicates per tissue type were performed for each of four genotypes: inbreds MMM and BBB and hybrids MMB and BBM. Eight micrograms of total RNA were labeled for each hybridization according to the manufacturer's instructions (Affymetrix). Hybridization chemistries were performed at the University of Minnesota Microarray Facility. Previously published microarray data from 11-d seedling and immature ear tissues were obtained using the same methodologies (Stupar and Springer, 2006) and were included in downstream analyses for purposes of comparing the expression profiles of inbred-hybrid vegetative and endosperm tissues.
The signal data from the microarrays was processed using two different methods, MAS 5.0 and GC-robust multiarray average (RMA). The GCOS software package (Affymetrix) was used to produce a MAS 5.0 signal and produce presence-absence calls. The signal from each array was normalized to a value of 1 with a scaling target factor of 500 and the default parameters. After importing the MAS 5.0 values into GeneSpring (Agilent Technologies), perchip normalization to the fiftieth percentile and per-gene normalization to median were performed. GC-RMA processing of the signal was performed using GeneSpring software with per-gene normalization.
Differentially expressed genes were identified by performing a one-way ANOVA on the GC-RMA or MAS 5.0 values using a parametric test with no assumption of equal variance. A Benjamini and Hochberg multiple testing correction was applied with a false-discovery rate of 0.05 (unless otherwise noted) such that 5% of the genes identified in a test are likely to be falsely identified. Separate ANOVAs were performed to identify genes that were differentially expressed among developmental stages and among genotypes. The lists of differentially expressed genes among genotypes were further filtered using minimal expression (genotype with highest expression must have signal .50) and fold change (must be .2-fold change between any two genotypes) criteria. Clustering analyses were performed using GeneSpring and were based on specified gene lists, conditions, and genotypes.
Statistical analyses were performed on individual microarray probes to test for the possibility of probe-specific polymorphisms resulting in false discovery of differential expression. The individual probe signals were extracted and per-chip normalization was applied. For each differentially expressed gene, the difference between each of the 15 perfect match-mismatch probe signals was determined for each of the three biological replicates and used to perform an independent sample comparison of means assuming normality with a cutoff of P 5 0.05. The number of probe pairs that pass this test for each gene was determined.
Identification and Validation of Endosperm-Specific Expression Patterns
Genes that were present in the endosperm transcriptomes and absent in other tissue transcriptomes were identified based on the MAS 5.0 presenceabsence calls. BLAST analyses were performed using these sequences to query the National Center for Biotechnology Information genome survey sequences derived from maize. Primers were designed using primer 3 software (Rozen and Skaletsky, 2000) . PCR reactions were performed in a 15-mL total volume containing approximately 25 ng of DNA, 2 pmol of each primer, 0.4 units of HotStar Taq polymerase (Qiagen), 1.56 mL of 103 reaction buffer, and 0.2 mL of 25 mM dNTPs. Conditions of PCR were as follows: 94°for 15 min, 35 cycles of 94°for 30 s, 60°for 30 s, 72°for 2 min, followed by 72°for 7 min. Amplified products were separated in a 1% agarose Tris-borate/EDTA gel and visualized by ethidium bromide staining.
Hybrid-Inbred Expression Pattern Analysis
All genes that were determined to be differentially expressed among genotypes based on ANOVA (analysis described above) were investigated for nonadditive expression patterns. The inbred expression values were used to calculate the expected additive expression level of each reciprocal hybrid. To account for the 2m:1p endosperm dosage, the expected additive values were calculated as: additive expression 5 [(2 3 maternal expression level) 1 paternal expression level]/3. The expected additive values were compared with the appropriate reciprocal hybrid values for all three biological replications. A two-tailed homoscedastic t test was performed and all genes with P , 0.05 were considered to be nonadditively expressed. Both reciprocal hybrids were independently tested for each gene.
The nonadditive patterns were divided into six general classes. (1) PLE, genes that exhibit hybrid transcription levels similar to the male parent; (2) MLE, genes that exhibit hybrid transcription levels that are more similar to the female parent than intermediate levels; (3) HP, genes that exhibit expression patterns in which both hybrids are similar to the HP; (4) LP, genes that exhibit expression patterns in which both hybrids are similar to the LP; (5) AHP, genes in which at least one hybrid is expressed AHP; (6) BLP, genes in which at least one hybrid is expressed BLP. We defined 14 nonadditive expression patterns that a given gene may exhibit among the four genotypes in this study (see Supplemental Fig. S5 ). There is one pattern that fits the PLE class, one pattern that fits the MLE classes, two different patterns that fit the HP class, two patterns that fit the LP class, and eight patterns that fit the AHP and/or BLP classes. A stringent procedure (see Supplemental Table S6 ) was applied to assign the nonadditive genes into the 14 classes based on the microarray data.
The d/a ratios were calculated for all genes differentially expressed among genotypes, such that the d/a value would indicate the hybrid expression relative to the HP and LP values for each gene. The d value was calculated as the hybrid signal minus the average signal of the two parents. The a value was calculated as the HP signal minus the average signal of the two parents (thus the a value is equivalent to the absolute value of the difference between either parent and the average of the two parents). Genes with d/a values .1.0 or ,21.0 indicated genes with hybrid expression levels AHP or BLP, respectively. For each gene, a d/a value was calculated for the maternal hybrid, which is the hybrid genotype derived by crossing the genotype with the higher expression as the female parent to the genotype with the lower expression as the male parent. Similarly, a d/a value was calculated for the paternal hybrid, which is the reciprocal hybrid that is generated by crossing the lower expression genotype (as a female) by the higher expression genotype (as a male).
Development of Allele-Specific Expression Assays
A series of allele-specific expression assays were designed to further investigate expression patterns in endosperm tissue. Allele-specific expression assays are quite useful for determining the relative contribution of the maternal and paternal allele to the total level of transcript for a particular gene, whereas microarray hybridizations assess total transcript levels. Allele-specific expression assays were designed for a set of 208 genes that were selected either at random (176 genes), due to differential expression in B73 relative to Mo17 (25 genes), or because they exhibited nonadditive expression levels in reciprocal hybrids (seven genes). The evidence for differential or nonadditive expression was derived from the Affymetrix microarray experiments described above. The single-nucleotide polymorphisms used to design these assays were derived from Panzea (Zhao et al., 2006) and 454-based cDNA sequencing (Emrich et al., 2007) . These allele-specific expression assays are performed by single-base extension of a PCR product; the extension products are then separated and quantified using matrix-assisted laser-desorption ionization-time-of-flight mass spectrometry (Jurinke et al., 2005) . Each of the assays were then performed on a series of genomic DNA standards that include hybrid DNA from seedlings (1 B73:1 Mo17 allele), DNA from reciprocal hybrid endosperm (1:2 and 2:1 mixes of the B73 and Mo17 alleles), and genomic DNA from inbred B73 and Mo17 seedlings mixed at 4:1 and 1:4 concentrations (Supplemental Fig. S13 ). Analysis of the data from the genomic DNA standards showed that 88 of the assays were either not polymorphic or not quantitative. For another 30 assays, we were not able to consistently detect expression in endosperm tissues. The remaining 90 assays displayed high R 2 correlation (.0.9) between the known proportion of the B73 allele in the genomic DNA standard series and the observed proportion of the B73 allele detected by the assay (full details for these 90 assays are available in Supplemental Table S8 ). The 90 genes with successful allele-specific expression assays include 72 randomly selected genes, 15 genes with differential expression in B73 relative to Mo17 seedlings (according to statistical analyses of Affymetrix microarray data), and three genes with nonadditive expression levels in the endosperm (according to Affymetrix microarray data).
Allele-Specific Expression
RNA from all tissues was treated with DNAse prior to allele-specific expression analyses. cDNA was synthesized from all three biological replicates of Mo17 3 B73 and B73 3 Mo17 hybrid RNA from both 13-and 19-DAP endosperms. cDNA was also synthesized from 2:1 and 1:2 mixes of Mo17 and B73 inbred RNA for both 13-and 19-DAP endosperms; these mixed cDNAs were made from all three biological replicates. The cDNA was reverse transcribed using SuperScript III reverse transcriptase, according to the manufacturer's instructions (Invitrogen).
PCR-based assays for allele-specific expression analyses were standardized and performed as described (Stupar and Springer, 2006) , with the following modifications. Three measurements of the ratio of the two alleles were performed for each of the three biological replicates of 2:1 and 1:2 mixed RNAs and the six F 1 RNAs. Data were graphed using Spotfire version 7.1 software.
CAPS Assays
CAPS assays were designed to validate biased maternal allele expression for two genes. Reverse transcription (RT)-PCR was performed on the same cDNA templates from 13-and 19-DAP hybrid endosperm samples as were used in the allele-specific expression analyses (described above). Additionally, RT-PCR was performed on cDNA samples synthesized from individual hybrid endosperm tissues from six different developmental stages between 10 and 24 DAP.
The primers used for gene CF628018 (a putative polygalacturonaseinhibiting protein): CGTGGAACTACCTCAACTTCGAC (forward) and ACACGTACACAGCTGTCATTTCG (reverse). RT-PCR products from gene CF628018 were digested with enzyme Bme1580I (New England Biolabs), which has a restriction site in the amplicon of the Mo17 allele but does not recognize the B73 allele. The CAPS products were evaluated using agarose gel electrophoresis.
The primers used for gene AY111942 (a putative sugar transporter): AAGGAGAAGGTGGTGGAAATGTC (forward) and TTCGTTGAGAGG-GAATTTTCTTG (reverse). RT-PCR products from gene AY111942 were digested with enzyme PleI (New England Biolabs), which has a differential restriction sites for the B73 and Mo17 allele amplicons. The CAPS products were evaluated on high-resolution Metaphor gels.
The microarray data generated for this study are available at Gene Expression Omnibus (GEO). The endosperm microarray data can be accessed under series accession number GSE8308 and the embryo, seedling, and immature ear microarray data can be accessed under series accession number GSE8194.
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